Abstract: Glass photonics are widespread, from everyday objects around us to high-tech specialized devices. Among different technologies, sol-gel synthesis allows for nanoscale materials engineering by exploiting its unique structures, such as transparent glass-ceramics, to tailor optical and electromagnetic properties and to boost photon-management yield. Here, we briefly discuss the state of the technology and show that the choice of the sol-gel as a synthesis method brings the advantage of process versatility regarding materials composition and ease of implementation. In this context, we present tin-dioxide-silica (SnO 2 -SiO 2 ) glass-ceramic waveguides activated by europium ions (Eu 3+ ). The focus is on the photorefractive properties of this system because its photoluminescence properties have already been discussed in the papers presented in the bibliography. The main findings include the high photosensitivity of sol-gel 25SnO 2 :75SiO 2 glass-ceramic waveguides; the ultraviolet (UV)-induced refractive index change (∆n~−1.6 × 10 −3 ), the easy fabrication process, and the low propagation losses (0.5 ± 0.2 dB/cm), that make this glass-ceramic an interesting photonic material for smart optical applications.
Introduction
Glass photonics are prevalent in many human activities and are a crucial factor for enabling technology research. The fruitful exploitation of glass photonics provides a large spectrum of applications, covering Health and Biology, Structural Engineering, and Environment Monitoring Systems, that have been developed during the last years. Among the different glass-based systems, transparent glass-ceramics offer specific characteristics of capital importance in photonics [1] . Glass-ceramics are a class of composite materials formed by nanometer-up to micrometer-sized crystals dispersed in a glassy matrix [2] . The respective composition and the volume fractions of crystalline and amorphous phases determine the glass-ceramic properties. Nanocrystals, when activated by luminescent species, such as rare earth ions, make the spectroscopic properties of the glass-ceramic very attractive [3] . In comparison to glass, such systems can be characterized by higher absorption and emission cross sections, lower phonon cut-off energy, and better control of the rare earth ion-ion interaction. These properties are of particular interest for waveguiding systems [4] .
Glass-ceramic waveguides with luminescent properties are effective optical media to investigate the basic mechanisms and to develop the technologies related to light propagation in composite materials and luminescence enhancement. The principal argument of discussion concerns the basic mechanism allowing fabrication of transparent glass-ceramic waveguides. A clear and exhaustive theory of transparency in nanocomposite systems is an important step to overcome a crucial technological bottleneck for the fabrication of integrated optical devices and novel fiber lasers [5] . If we pay attention to the current state of the technology, it appears evident that, together with the transparency, the luminescence efficiency in the luminescent glass-ceramic photonic circuits appears as another topical challenge.
In previous papers we have discussed the crystallization effect in tin-dioxide-silica (SnO 2 -SiO 2 ) transparent glass-ceramics and their unique luminescent properties when activated by rare earth ions for photon management [6] [7] [8] [9] [10] [11] [12] [13] . Phorefractivity is another important property of tin dioxide (SnO 2 ) based glasses. In respect to the well-known germanium ions doping, tin ions represent a promising alternative because many devices, such as Bragg gratings, present a higher thermal stability in this matrix than in the germania-silica (GeO 2 -SiO 2 ) network [14, 15] . The research regarding refractive index modification by laser irradiation is very active as evidenced by several papers approaching the topic with several different techniques [16, 17] .
In the following report we present consolidated outcomes, novel results, and perspectives for SnO 2 -based glass-ceramic waveguides, obtained by the sol-gel route with top-down approach. The top-down approach seeks to create nanocomposite devices by using larger, externally-controlled zones to develop a new system, while the bottom-up approach seeks to get smaller components and arrange them into a more complex system. Moreover, the change of refractive index induced by laser irradiation of glass-ceramics will be discussed.
Results
Tin-silica glass-ceramic waveguides discussed here had a nominal composition of 25SnO 2 :75SiO 2 mol% and were activated by 1 mol% of europium ions (Eu 3+ ). The slab waveguides supported two modes at 635 nm and only one mode at 1550 nm. The experimentally evaluated value for the film thickness was equal to 1.04 µm (±0.1 µm) and the refractive index was 1.5578 (±0.0005) at 635 nm and 1.5323 (±0.0003) at 1550 nm. With the photometric detection method, a loss value of 0.5 ± 0.2 dB/cm was measured.
The change of the refractive index of these films induced by the ultraviolet (UV) exposure was calculated by measuring, after each irradiation, the change of the effective indices of the modes of the film acting as a slab waveguide. This procedure was followed for the two modes supported at 635 nm. The change of the effective index of the single mode supported at 1550 nm was also monitored. Figure 1 shows the resulting index change ∆n as a function of the cumulative doses used; the two series of data correspond to the change of the effective index of the single mode at 1550 nm (squares)
and to the change of the film index at 635 nm (circles). The larger error for ∆n at 635 nm, as indicated by the error bar, is due to the fact that the film index is reconstructed from the measurements of the effective indices of the two existing modes, while at 1550 nm, one measures directly the ∆n for the effective index of the single supported mode.
The irradiations were made with pulse fluence of 38 mJ/cm 2 up to a cumulative dose of 1.5 kJ/cm 2 and with pulse fluence of 76 mJ/cm 2 for the higher cumulative doses. The measurements at both the wavelengths indicated a decrease of ∆n with increasing cumulative irradiated energy.
The saturation value for the index modulation was around −1.6 × 10 −3 and it was reached at a dose of 7.6 kJ/cm 2 . This refractive index change is of the same order as that obtained in a SnO 2 -Na 2 O-SiO 2 melted glass [14] and that observed in sol-gel-derived SnO 2 -SiO 2 nanostructured glass [18] .
At 248 nm, a slight decrease of the absorption coefficient α, from 6.27 × 10 3 cm −1 to 5.44 × 10 3 cm −1 , was measured before and after a cumulative UV irradiation dose of 7.6 kJ/cm 2 .
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Discussion
The value of the refractive index change is high enough not only to write gratings but also to allow for the direct imprint of integrated optical waveguides. In fact, by taking advantage of the vertical confinement provided by the film itself, it is sufficient to irradiate the side area using a photomask and, thus, produce a channel waveguide by decreasing the index around it. Indeed, at 635 nm and at lower wavelengths, for example, corresponding to the 5 D0 → 7 F2 emission of Eu 3+ ions (613 nm) [7] , the index change is high enough to allow the lateral confinement of the light.
In order to better understand the effect of the UV irradiation on the structure of the film, we performed an additional exposure using a metal copper wire with a diameter of 85 μm to mask the sample. The irradiation parameters were as follows: 76 mJ/cm 2 pulse fluence; 10 Hz repetition rate; and 10 5 pulses (7.6 kJ/cm 2 cumulative dose). After the exposure, we removed the wire and scanned the sample surface with a stylus profilometer (TENCOR P-10, Milpitas, California, USA). An increase in the film thickness, T, of about 4 nm was effectively measured in the irradiated region. The correlation between the change, ΔT, in the film thickness and the refractive index change, Δn, can be obtained by differentiating the Lorentz-Lorenz formula [15] . 
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where n is the refractive index and α is the bond polarizability. From Equation (1), the contribution of volume expansion yields a calculated refractive index reduction of 2.6 × 10 −3 , whereas the experimental value is about 1.6 × 10 −3 . This result suggests that the material polarizability contributes to the effective index change (∆n pol ≈ +1.0 × 10 −3 for a cumulative dose of 7.6 kJ/cm 2 ) and competes with that of the volume expansion, partially compensating for the latter effect. Determination of the propagation losses was impossible due to the short length of the photostructured region (~1 cm). Comparison of the mode resonance dips measured at 635 nm and 1550 nm in the same coupling conditions showed no changes in the resonance width. This indicated that there were no appreciable changes in the film propagation loss. Moreover, no differences were observed in the Eu 3+ photoluminescence spectra in irradiated and non-irradiated zones.
Materials and Methods
Tin-silica glass-ceramic waveguides presented here had a nominal composition of 25SnO 2 :75SiO 2 (mol%) with 1 mol% of Eu 3+ ions and were prepared by the sol-gel method. The starting solution was obtained by mixing tetraethylorthosilicate (TEOS), ethanol (EtOH), deionized water (H 2 O), and hydrochloric acid (HCl) as a catalyst, and was prehydrolyzed for 1 h at 65 • C. The molar ratio of TEOS:HCl:EtOH:H 2 O was 1:0.01:37.9:2. An ethanolic colloidal suspension, prepared using tin(II) chloride dihydrate (SnCl 2 ·2H 2 O) and europium(III) nitrate pentahydrate (Eu(NO 3 ) 3 ·5H 2 O) as precursors, was added to the solution containing TEOS. The final mixture was left at room temperature, under stirring, for 16 h. The resulting sol was filtered and then deposited on pure vitreous-SiO 2 (v-SiO 2 ) substrates by dip-coating, with a dipping rate of 60 mm/min. Each layer was annealed in air for 3 min at 800 • C prior to the next coat. After every five dips, the films were annealed for 5 min at 800 • C. The films resulting from 20 coatings were stabilized by a treatment for 10 min at 800 • C. Finally, a heat treatment at 1000 • C for 5 h in order to produce a glass-ceramic system was performed. Figure 2 shows the TEM picture of the prepared sample where SnO 2 nanocrystals are clearly seen.
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Tin-silica glass-ceramic waveguides presented here had a nominal composition of 25SnO2:75SiO2 (mol%) with 1 mol% of Eu 3+ ions and were prepared by the sol-gel method. The starting solution was obtained by mixing tetraethylorthosilicate (TEOS), ethanol (EtOH), deionized water (H2O), and hydrochloric acid (HCl) as a catalyst, and was prehydrolyzed for 1 h at 65 °C. The molar ratio of TEOS:HCl:EtOH:H2O was 1:0.01:37.9:2. An ethanolic colloidal suspension, prepared using tin(II) chloride dihydrate (SnCl2·2H2O) and europium(III) nitrate pentahydrate (Eu(NO3)3·5H2O) as precursors, was added to the solution containing TEOS. The final mixture was left at room temperature, under stirring, for 16 h. The resulting sol was filtered and then deposited on pure vitreous-SiO2 (v-SiO2) substrates by dip-coating, with a dipping rate of 60 mm/min. Each layer was annealed in air for 3 min at 800 °C prior to the next coat. After every five dips, the films were annealed for 5 min at 800 °C. The films resulting from 20 coatings were stabilized by a treatment for 10 min at 800 °C. Finally, a heat treatment at 1000 °C for 5 h in order to produce a glass-ceramic system was performed. Figure 2 shows the TEM picture of the prepared sample where SnO2 nanocrystals are clearly seen. The guiding properties of the films were tested by the prism coupling technique, with a nominal resolution on the measured effective refractive index of about 5 × 10 −5 . The apparatus is equipped with a piezoresistive pressure monitoring system that makes it possible to adjust the mechanical pressure between the prism and the sample during the coupling operation; this guarantees a very good reproducibility. The propagation losses at 633 nm were evaluated, for the TE 0 (fundamental transverse electric) mode, by photometric detection of the light intensity coupled from a helium-neon (He-Ne) laser and scattered out of the waveguide plane. The effect of exposure to UV laser radiation was studied by using a KrF excimer laser source (Lambda Physik Compex 110, Coherent Inc., Santa Clara, CA, USA) with an emission at λ = 248 nm. Two single-pulse fluences of 38 mJ/cm 2 and 76 mJ/cm 2 were tested. The repetition rate was set at 10 Hz. Moreover, in order to obtain a good repeatability of the measurements, the sample was sandwiched between two home-made metal masks (Figure 3a) . The overall system was removable from its holder in order to perform the optical characterization. The experimental apparatus setup used for the UV irradiation is shown in Figure 3b . The target section was constituted by a black metal panel with a fissure having a size close to that of the metal mask. This panel was positioned in front of the sample holder and the two openings were adequately aligned. In this way, any possible refractive index change due to the UV irradiation on the other unmasked part of the sample was avoided.
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The guiding properties of the films were tested by the prism coupling technique, with a nominal resolution on the measured effective refractive index of about 5 × 10 −5 . The apparatus is equipped with a piezoresistive pressure monitoring system that makes it possible to adjust the mechanical pressure between the prism and the sample during the coupling operation; this guarantees a very good reproducibility. The propagation losses at 633 nm were evaluated, for the TE0 (fundamental transverse electric) mode, by photometric detection of the light intensity coupled from a helium-neon (He-Ne) laser and scattered out of the waveguide plane. The effect of exposure to UV laser radiation was studied by using a KrF excimer laser source (Lambda Physik Compex 110, Coherent Inc., Santa Clara, CA, USA) with an emission at λ = 248 nm. Two single-pulse fluences of 38 mJ/cm 2 and 76 mJ/cm 2 were tested. The repetition rate was set at 10 Hz. Moreover, in order to obtain a good repeatability of the measurements, the sample was sandwiched between two home-made metal masks (Figure 3a) . The overall system was removable from its holder in order to perform the optical characterization. The experimental apparatus setup used for the UV irradiation is shown in Figure 3b . The target section was constituted by a black metal panel with a fissure having a size close to that of the metal mask. This panel was positioned in front of the sample holder and the two openings were adequately aligned. In this way, any possible refractive index change due to the UV irradiation on the other unmasked part of the sample was avoided. The unmasked region of the material had an area of about 1.11 × 0.88 cm 2 , close to that of the base of the prism used for dark-line spectroscopy. In this way, we were able to guarantee (i) a uniform irradiation for the unmasked area during the UV laser exposure; and (ii) a minimization of the error linked to the possibility of changing the coupling point during the dark-lines measurements. Statistical treatment of data sampling, based on the standard deviation, was carried out with a final uncertainty on the effective refractive index of about 1 × 10 −4 .
The UV absorption spectra were recorded using an UV-VIS spectrophotometer (Varian Cary 100 Bio, Palo Alto, CA, USA) with a resolution of 1.4 nm. The measurements were performed in the absorption mode through the thin films deposited on pure silica substrates.
Eu 3+ photoluminescence was measured on the UV irradiated and on the non-irradiated portions of our samples and the emission spectra were compared. The measurements were done in waveguide configuration by exciting the TE0 mode [19] with the third harmonic of Nd:YAG at 355 nm. We studied this indirect excitation mechanism of the Eu 3+ ions in the SnO2-SiO2 systems in previous papers [7, 8, 12, 13] where we also discussed how the photoluminescence spectra can be used in order to assess the glass-ceramic structure. The unmasked region of the material had an area of about 1.11 × 0.88 cm 2 , close to that of the base of the prism used for dark-line spectroscopy. In this way, we were able to guarantee (i) a uniform irradiation for the unmasked area during the UV laser exposure; and (ii) a minimization of the error linked to the possibility of changing the coupling point during the dark-lines measurements. Statistical treatment of data sampling, based on the standard deviation, was carried out with a final uncertainty on the effective refractive index of about 1 × 10 −4 .
Eu 3+ photoluminescence was measured on the UV irradiated and on the non-irradiated portions of our samples and the emission spectra were compared. The measurements were done in waveguide configuration by exciting the TE 0 mode [19] with the third harmonic of Nd:YAG at 355 nm. We studied this indirect excitation mechanism of the Eu 3+ ions in the SnO 2 -SiO 2 systems in previous Crystals 2017, 7, 61 6 of 7 papers [7, 8, 12, 13] where we also discussed how the photoluminescence spectra can be used in order to assess the glass-ceramic structure.
Conclusions
Transparent glass-ceramic systems are crucial for photonics applications, especially in integrated optics. The important aspects in these nanocomposites when activated with rare earth ions are high luminescence efficiency and low attenuation losses. Additionally, photopatternable properties increase their applicability. The structures might be used for lasing, lightning, frequency converters, and sensing.
In conclusion, we have demonstrated high photosensitivity in sol-gel-derived 25SnO 2 :75SiO 2 glass-ceramic waveguides doped with 1 mol% of Eu 3+ . The easy fabrication process, the low propagation loss, and the UV-induced refractive index change (∆n ≈ −1.6 × 10 −3 ), which enables the direct writing of both channel waveguides and Bragg gratings, make this glass a promising material for the low-cost development of efficient and multifunctional circuits for smart optical applications.
It has to be noted that the photorefractive behavior of xSnO 2 :(1-x)SiO 2 glass-ceramic waveguides deserves further experiments to be completely understood.
Optimization of the sol-gel synthesis process for the creation of materials tailored for the specific application and of the confined structure fabrication technologies may guarantee that new record performances of rare earth-doped glass-ceramic-based photonic devices will be achieved.
